Although it is known that transcription of ation-polymerization process, crucial regulatory mechathis gene by RNA polymerase III is required for its boundnisms must exist that prevent the silencing machinery ary function (Donze and Kamakaka, 2001), the molecular from exhausting its euchromatic substrate. However, mechanism by which it inhibits silencing is incompletely little is known about such inhibitory mechanisms. Deleunderstood. tion of DNA sequences that lie at the boundaries of Histone H2A.Z is a universally conserved, intrinsic component of eukaryotic chromatin that replaces the conventional H2A protein in a significant fraction of nucleosomes (reviewed by Redon et al., 2002) . Previous of telomeres are activated by Htz1 (Table 1) . In contrast, genes greater than 60 kb from telomeres are significantly studies have indicated a role for H2A.Z in transcriptional activation. For example, in the ciliate Tetrahymena therdepleted for Htz1-activated genes (Table 1) . We note that genes repressed by Htz1 appear to be randomly mophila H2A.Z is associated with the transcriptionally active macronucleus but not the quiescent micronudistributed throughout the genome (data not shown). A second striking characteristic of the set of Htz1-cleus (Allis et al., 1980). Additionally, in Saccharomyces cerevisiae the deletion of HTZ1 results in a defective activated genes is that they tend to occur in small clusters along the chromosome, termed HZADs for Htz1-induction of the GAL1 and PHO5 genes in response to their respective inducing signals, particularly in the activated domains (Supplemental Table S1 We have utilized whole-genome microarray hybridiza-HXT17, YNR073C, YNR074C, and COS10), that lie between 4.3 and 12.8 kb from the telomere (Supplemental tion to identify genes that require Htz1 for their normal expression. We find that Htz1-activated genes are highly Table S1 available at above website). Of the 134 Htz1-activated genes that are not near telomeres, only 10 enriched near telomeres and often cluster together in small chromosomal domains. We show that Htz1 funcform clusters (Supplemental Table S1 available at above website; HZADs 1, 7, and 8). tions to protect genes from Sir-dependent silencing at these telomeric locations and in regions flanking the HMR silent cassette. High-resolution chromatin immuHtz1 Protects a Set of Telomere-Proximal Genes noprecipitation experiments revealed that, in the abfrom Sir2-Dependent Silencing sence of Htz1, Sir2 and Sir3 spread outside of their One explanation for the enrichment of Htz1-activated normal boundaries at HMR concomitant with the apgenes near chromosome ends would be that Htz1 propearance of histone tail acetylation and methylation tects genes from Sir-dependent telomeric silencing. We modification patterns indicative of heterochromatin forterm such an activity "anti-silencing." This hypothesis mation. The euchromatic regions that flank HMR are predicts that the expression defect of telomeric proximal enriched for Htz1, whereas the region within HMR is genes in htz1⌬ cells should be reversed by the removal relatively depleted. Genetic tests indicate that Htz1 anof the silencing machinery. To test this prediction, we tagonizes heterochromatin spread as part of a pathway, used microarray hybridization to examine the global which is separate from that of a characterized boundary transcript levels of an htz1⌬ sir2⌬ double mutant. Analyelement. Thus, Htz1 is an intrinsic component of euchrosis of the data revealed that of 81 Htz1-activated genes matin that functions to antagonize the formation of Sir within 35 kb of telomeres, the gene expression defect heterochromatin via a boundary element-independent of 46 (57%) genes in htz1⌬ strains was significantly repathway.
versed by deletion of SIR2 (Figure 2A) . Thus, for the majority of telomeric Htz1-activated genes, Htz1 indirectly or directly protects them from being silenced by Results Sir2. The defect in gene expression in htz1⌬ cells for the remaining 35 genes either showed no effect upon Genes Requiring Htz1 for Normal Expression Are Enriched near Telomeres deletion of SIR2 or displayed a more enhanced defect in gene expression in the htz1⌬ sir2⌬ double mutant To identify the genes regulated by HTZ1 in yeast, we compared global transcript levels in htz1⌬ mutant cells ( Figure 2B ). We suspect that these genes are also antisilenced by Htz1, but for a Sir2-independent repression to wild-type cells by hybridization of differentially labeled cDNAs to whole-genome yeast microarrays (DeRisi et al., system (see Discussion). We note that of the 134 nontelomeric Htz1-activated genes, the expression defect 1997). Four replicate experiments were performed using independent cultures, and genes positively and negafor a fraction (24%) can be partially reversed by deletion of SIR2; however, suppression is considerably weaker tively regulated by HTZ1 were identified using the significance analysis of microarrays (SAM) package (Tusher than that observed for the telomeric Htz1-activated genes (see http://madhanilab.ucsf.edu/public/htz1/). et al., 2001). This analysis yielded 214 genes that are significantly activated by HTZ1 and 107 that are reWhile our microarray analysis best supports the conclusion that Htz1 protects genes from Sir-dependent pressed by HTZ1. Visual inspection of the list of HTZ1-activated genes revealed that many were near telomeres.
silencing, a trivial explanation for these results might be that silencing factor levels are increased in htz1⌬ As shown in Figure 1 lencing, then these regions should acquire histone modion other chromosomes; thus, these genes may also be fication patterns characteristic of Sir heterochromatin activated by HTZ1, but this effect would be masked by in the htz1⌬ mutant. We used quantitative chromatin cross-hybridization to the duplicated sequences). The immunoprecipitation (ChIP) analysis to test this predicproximity of these genes to HMR, a site where silencing tion (see Experimental Procedures). We prepared chroinitiates and then spreads to its left and right boundaries, matin immunoprecipitation (ChIP) DNA pellets using anraised the possibility that in htz1⌬ cells, silencing inititibodies specific for modified histones and performed ated at HMR spreads ectopically to silence HZAD 2. To quantitative PCR reactions to determine the relative entest this hypothesis, we used microarray hybridization richments of these chromatin markers in wild-type and to determine whether the defect in the expression of htz1⌬ strains. Using 20 PCR primers that amplify frag-HMR-proximal genes in htz1⌬ cells could be suppressed ments corresponding to intergenic regions, we focused by a deletion of HMR that eliminates the known nucleour analysis on two genomic locations: the HMR-proxiation sites for silencing, termed E and I. Indeed, such a mal loci discussed above and another region on chrodeletion of HMR or deletion of SIR2 significantly remosome XIV that contains a strongly anti-silenced gene, YNR074C, which lies 6.7 kb from the telomere (Figure Table 1 . Genes Requiring Htz1 for Normal Expression Are Enriched 3A; Supplemental Table S3 available 
Ectopic Spread of Sir2 and Sir3 in Cells Lacking HTZ1
To determine if the ectopic Sir-dependent silencing and changes in histone modification patterns in htz1⌬ mutants is caused by the ectopic spread of components of the Sir complex, we used ChIP to compare the patterns of Sir2 and Sir3 association in wild-type and htz1⌬ strains. In HTZ1 strains, we observed large enrichments of both Sir3 (58-to 68-fold) and Sir2 (19-to 40-fold) within the silenced region of HMR ( Figures 6A and 6C) , and much reduced levels of Sir2 and Sir3 outside of the boundaries of HMR. In htz1⌬ cells, the relative enrich- 
In addition to the increase in Sir association in euchro-

Htz1 Is Enriched in Euchromatic Regions
Outside of HMR matic regions in cells lacking HTZ1, we detected a statistically significant decrease of Sir3 association within In principle, Htz1 could perform its anti-silencing function in one of three different regions: (1) Htz1 could act HMR in htz1⌬ mutants (Figures 6A and 6B) . Accordingly, HMR acquired slightly more euchromatin-specific histone at silenced regions to tether Sir proteins to heterochromatin, thus preventing them from spreading ectopically; modification patterns in htz1⌬ mutants, with increased levels of Ac-H4 and K4Me-H3 (Figures 5B and 5D ). These To help distinguish between these possibilities, we used ine the levels of Htz1 at several well-characterized loci that are distant to telomeres (GPD1, CYC1, GAL1, PHO5, ChIP to determine the distribution of Htz1 along chromosomes (see Experimental Procedures). We found that ADH1, and ACT1) and compared them to levels found at HMR (primer D) and GIT1 (Supplemental Figure S3  Htz1 is enriched at the promoters of anti-silenced genes relative to HMR and the known boundary element that available at http://www.cell.com/cgi/content/full/112/5/ 725/DC1). In general we found that Htz1 was enriched flanks HMR on the right ( Figure 7A ). For example, the promoters of GIT1 and YNR074C contain amongst the at these regions relative to HMR, though not as much so as at GIT1. Htz1 was shown previously to be enriched most abundant levels of Htz1 (‫-7ف‬fold higher than within HMR) and these genes are strongly anti-silenced by in the promoters versus coding sequences of the GAL1 and PHO5 genes, consistent with a role in transcriptional Htz1. While we cannot exclude the possibility that Htz1 is present at HMR and/or the boundary element at low initiation (Santisteban et al., 2000) . We confirmed that Htz1 is more enriched in the promoters of GAL1 and levels and functions there, the enrichment of Htz1 at the promoters of genes protected from silencing by Htz1 PHO5 compared with their respective ORFs and observed a similar pattern for GPD1. Interestingly however, is most consistent with it functioning in anti-silencing directly at these regions.
for CYC1 at least as much Htz1 was present in the ORF as at the promoter and for ADH1 and ACT1, Htz1 was Because Htz1 has previously been shown to be present at the promoters of the non-telomeric genes PHO5 more abundant in the respective ORF regions than the promoters. We also examined the levels of Htz1 in two and GAL1 (Santisteban et al., 2000) , we asked whether Htz1 is particularly enriched in euchromatic regions additional heterochromatic regions, the protosilencers contained within the repetitive subtelomeric elements flanking heterochromatin or whether the levels of Htz1 in these anti-silenced regions are comparable to its levcore X and YЈ and found that, like within HMR, Htz1 is depleted from these regions (Supplemental Figure S3 els at other euchromatic regions. We used ChIP to exam-acterized boundary element (BE) that flanks the right side of HMR. If HTZ1 and BE function in separate antisilencing pathways, then the htz1⌬ be⌬ double mutant should display a more severe phenotype than either htz1⌬ or be⌬ single mutant. We constructed isogenic strains of the following genotypes: be⌬, htz1⌬, be⌬ htz1⌬, or wild-type for these two loci. We then used ChIP with antibodies to Sir3 to examine the ectopic spread of Sir3 in these strains. We focused our analysis on GIT1, the most proximal gene to the HMR right boundary element. As shown in Figure 7B , both be⌬ and htz1⌬ strains show an increase in the association of Sir3 at GIT1 relative to wild-type (‫-2ف‬fold increase). The htz1⌬ be⌬ double mutant shows a significant further increase in Sir3 association at GIT1 compared with either of the single mutants (‫-4ف‬fold increase compared with WT), consistent with Htz1 acting independently of this boundary element to antagonize the ectopic spread of Sir3 to the GIT1 locus. ding yeast, the universally conserved histone variant H2A.Z functions to antagonize Sir-dependent gene silencing and heterochromatin formation. Global gene exavailable at above website). Thus, Htz1 appears to be generally enriched in euchromatic regions, but the prepression measurements revealed that genes located near chromosomal domains subject to silencing, namely viously noted correlation with Htz1 deposition and promoters appears not to be general. telomeres and the silent mating type cassette HMR, require Htz1 for their full expression. For the majority of these genes, the defect in gene expression in htz1⌬ cells Htz1 and the Right HMR Boundary Element Act Synergistically to Antagonize the Ectopic can be reversed by deletion of SIR2, indicating that H2A.Z inhibits Sir2-dependent silencing. Supporting this Spread of Sir3 Htz1 is not enriched at the boundaries of HMR sugconclusion, the gene expression defects in htz1⌬ cells of the genes flanking HMR were specifically reversed gesting that it does not contribute to boundary element function at these locations. To test more rigorously by a deletion that removes both the E and I silencers of HMR, which are the nucleation sites for the formation whether Htz1 contributes to boundary element function, we performed a genetic test to determine if htz1⌬ shows of Sir heterochromatin at this site. Our observation that some telomeric genes require HTZ1 for a reason unresynergistic interactions with a deletion of the well-char-lated to Sir-dependent silencing may be explained by a silencing outside of HMR and elsewhere. Other factors previously thought to be involved in promoting silencing second type of Sir-like telomeric repression recently described that is mediated by the Hda1 histone deacetymight actually be anti-silencing factors whose loss results in a redistribution of Sir proteins to sites. In particulase together with the Tup1/Ssn6 corepressor rather than by the Sir complex (Robyr et al., 2002) . Indeed, lar, our observation that K4-MeH3 is highly enriched in euchromatic regions flanking heterochromatin suggests several of the HZADs (HZAD 5,12,13,16-18) contain genes that occur within previously reported Hda1-that the previously described defects in silencing observed in cells lacking the H3 4-methylase Set1 may be repressed (HAST) domains (Supplemental Table S1  available While our global microarray and ChIP analyses show antagonizing the spread of silencing: (1) Htz1 is relatively depleted at BE (Figure 7A ), and (2) be⌬ htz1⌬ double that Htz1 antagonizes silencing, a previous study concluded that Htz1 promotes silencing. This conclusion mutants exhibit synergistic anti-silencing defects (Figure 7B) . As the spread of heterochromatin across chrowas based largely on the observations that the silencing of an ADE2 reporter gene integrated within HMR and a mosomes seems likely to be a highly cooperative process, it may have been necessary for cells to evolve URA3 reporter integrated adjacent to a telomere show decreased silencing in htz1⌬ cells and that the overexmultiple redundant mechanisms to antagonize its consumption of euchromatin. pression of HTZ1 was found to suppress the silencing defect of some hypomorphic alleles of SIR1 (Dhillon and
Discussion
Recent studies have begun to reveal the mechanisms by which silent heterochromatin is initiated and propagated. In both yeast and mammals, silencing initiates at a specific site and then spreads across a chromosome converting euchromatin into heterochromatin via alterations in histone modification
The anti-silencing activity we have described for Htz1 may be an intrinsic property of chromatin harboring this Kamakaka, 2000). One way to reconcile these observations relies on the finding that Sir protein pools are limmolecule: studies of purified nucleosome arrays containing H2A.Z versus H2A have found that H2A.Z-coniting for silencing (Maillet et 
Experimental Procedures
An intriguing possibility is that acetylation of lysine 16 directs the deposition of H2A.Z in euchromatin.
Yeast Strains
The SWI/SNF ATP-dependent remodeling complex Strains used in this study are described in Supplemental Table S2 and Htz1 Table S1 visiae 
